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A striking potential of the amphiphilic dipeptides, Arg-Phe or Asp-Phe, to induce aggregation of a
model protein, alcohol dehydrogenase in its native-like state, has been demonstrated under physi-
ologically relevant conditions, using dynamic light scattering, ﬂuorescence spectroscopy, circular
dichroism, transmission electron- and atomic force microscopy. The peptide action resulted in accu-
mulation of a variety of morphologically distinct supramolecular structures profoundly differing
from those generated by the heat-induced aggregation at the early stages of the process, when amy-
loid ﬁbril assemblies were not detectable. The biogenic amphiphilic agents are suggested to act as
regulators of structural transformations of native-like proteins.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Over the past 20 years, much information has appeared on
molecular mechanisms of protein self-assembly and formation of
aggregates of different morphology, varying from soluble amor-
phous structures to highly-ordered amyloid-like ﬁbrils. The inher-
ent ability to form amyloid-like ﬁbrils, being a common structural
property of polypeptide chains [1,2] has been the subject of much
controversy about pathogenic or beneﬁcial functions of ﬁbrillar
structures in biological world [3–8]. It is becoming increasingly
clear that protein supramolecular assemblies may have various
structurally and functionally distinct stable states, against the pre-
viously accepted assumptions that proteins have two stable states:
native and ﬁbrillar [1,9]. A special interest in protein aggregation
has been inspired by a great variety of ‘‘intermediate’’ non-ﬁbrillar
species, which have remained relatively unexplored so far.
To call a great variety of non-ﬁbrillar entities of different mor-
phology ‘‘protoﬁbrils’’ or ‘‘preﬁbrils’’ would be a misnomer, as
some of them may have no tendency for gradual transformation
into mature ﬁbrils and interpretation of their structural character-chemical Societies. Published by E
light scattering; CD, circular
FM, atomic force microscopy;
eistics may be elusive because of the transient and miscellaneous
oligomeric states of intermediates. In heterogeneous surroundings
their individual contribution to thioﬂavin T (ThT) or Congo red
ﬂuorescence response, as indicators of ﬁbril formation [10,11],
might be ambiguous. Therefore, it seems more appropriate to term
such assemblies ‘‘transient suprastructures’’.
Formation of transient suprastructures was found to be a much
more widespread event in the living world than previously sus-
pected. The emerging concept of biologically functional supra-
structures is mainly based on the data indicating that many of
them can be generated from native-like proteins [12–14]. In the
light of new insights into the aggregate formation as a physiologi-
cally relevant phenomenon, understanding seemingly paradoxical
molecular machineries promoting protein aggregation [15–20] is
of great fundamental and biomedical importance. This has aroused
interest in low molecular weight biogenic agents to be considered
as regulators of the aggregation processes. Most of the experiments
were undertaken with the aim of searching agents to suppress
protein aggregation (see for example, [21]), whereas the data re-
lated to ligands involved in generation or acceleration of the aggre-
gation process are limited. Model amphiphilic peptides can meet
the requirements for reliable research tools to study molecular
mechanisms of initiating aggregation of native-like proteins. We
assume that appearance of a complementary amphiphilic peptide
in the environment of oppositely charged protein domains can
profoundly change the physicochemical properties of a proteinlsevier B.V. All rights reserved.
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either increase in the hydrophobicity of the polypeptide chain, or
decrease in the overall net charge on the protein molecule.
We have recently demonstrated that the interaction of amphi-
philic peptides with oppositely charged aggregation-prone
proteins resulted in acceleration of the aggregation process [22].
In the present work, our aim was to study whether short amphi-
philic peptides possess the potential to induce aggregation
in vitro of native-like proteins under physiologically relevant con-
ditions. Using dynamic light scattering (DLS), ThT ﬂuorescence and
circular dichroism (CD) spectroscopy, transmission electron
microscopy (TEM) and atomic force microscopy (AFM) we investi-
gated aggregation of a neutral model protein, yeast alcohol dehy-
drogenase (ADH), in its native-like state in the presence of the
synthetic dipeptides Arg-Phe or Asp-Phe. The reason behind this
choice is that these simplest charged aromatic peptides are good
models to explore the potential of low molecular weight com-
pounds having the electrostatic and hydrophobic properties to
associate with and affect folding state of proteins.Fig. 1. The kinetics of aggregation of ADH induced by the Arg-Phe dipeptide
assessed by the DLS technique. Dependences of the light scattering intensity and of
the Rh values (see inset) of the aggregates on time. The incubation of ADH at a
concentration of 0.15 mg/ml was carried out in 20 mM Tris–HCl buffer, pH 6.8, at
25 C in the presence of the Arg-Phe dipeptide at a concentration of 1 mM (a), or at
37 C in the absence of the peptide; the latter was added to the incubation mixture
after incubation of ADH for 35 min (indicated by arrows) (b).2. Materials and methods
2.1. Materials
Yeast alcohol dehydrogenase, a-lactalbumin from bovine milk,
hen egg white lysozyme, the Arg-Phe dipeptide, dithiothreitol, thi-
oﬂavin T and phosphotungstic acid were obtained from Sigma, and
the Asp-Phe dipeptide was purchased from Aldrich. All other
chemicals used were of analytical grade.
2.2. Dynamic light scattering measurements
For DLS measurements, a commercial instrument Photocor
Complex was used (Photocor Instruments, USA; www.photo-
cor.com) equipped with an He–Ne laser (Coherent, USA, Model
31-2082, 632.8 nm) and DynaLS software (Alango). This system al-
lows measuring both the light scattering intensity and the hydro-
dynamic radius (Rh) of particles in a wide range from 1 nm to
5 lm. The kinetics of aggregation of ADH (0.15–0.5 mg/ml) was
determined in the absence or presence of the peptides in 20 mM
Tris–HCl buffer, pH 6.8, or in the same buffer containing 0.1 M
NaCl, at 25–42 C. The kinetics of aggregation of a-lactalbumin
(0.4–1 mg/ml) or lysozyme (0.1–0.5 mg/ml) was determined in
50 mM sodium-phosphate buffer, pH 7.0, containing 0.15 M NaCl
and 20 mM DTT at 25 or 37 C.
2.3. Transmission electron – and atomic force microscopy
Samples containing protein aggregates were applied to form-
var- and carbon-coated 300-mesh copper grids and stained with
2% phosphotungstic acid, pH 7.2. The transmission electron micro-
graphs were visualized at nominal magniﬁcations of 30000–
50000 using a JEOL JEM-100CX microscope (Japan) operating at
80 kV. The images were collected using a negative photographic
ﬁlm Kodak EL Camera and a ﬂatbed scanner Umax Astra 6700 with
a resolution of 600 dpi.
AFM images were obtained using a commercial Scanning Probe
Microscope Smart SPM AIST-NT (Advanced Integrated Scanning
Tools for Nanotechnology, Zelenograd, Russia). Each sample was
prepared by displaying 5 ll aliquots of 50-fold diluted samples
on freshly cleaved mica substrate or applied to grids used for
TEM analyses. The height of the particles was obtained in cross-
sections of the images.
The ThT ﬂuorescence and CD methods have been described in
the Supplementary text.3. Results and discussion
3.1. Kinetics of aggregation of ADH induced by the Arg-Phe – and
Asp-Phe dipeptide
The ADH molecule from yeast Saccharomyces cerevisiae is a
homooligomer composed of four subunits with a molecular weight
of about 36.7 kDa. ADH is a neutral protein (theoretical pI 6.26)
containing almost identical numbers of positively and negatively
charged amino acid residues (Supplementary Fig. 1S).
To characterize the kinetics of interaction of the Arg-Phe dipep-
tide with ADH (0.15 mg/ml) in its native-like state registered by
DLS technique, we examined the dependences on time of the light
scattering intensity and the hydrodynamic radius (Rh) of the parti-
cles formed in the process of ADH incubation in the presence of the
Arg-Phe dipeptide at a concentration of 1 mM. The peptide dramat-
ically induced aggregation of ADH (Fig. 1a and b). The distribution
of aggregates by their size with time varied in accordance with the
kinetic curves of the light scattering intensity. The effects of the
peptide could be revealed at a concentration as low as 0.05 mM.
For comparison, in a separate set of experiment, the ADH aggre-
gation was traditionally induced by heat shock at temperatures in
the range from 38 to 42 C (Fig. 2a and b). In the course of these
experiments, a surprising phenomenon has been revealed. The
Fig. 2. The kinetics of aggregation of ADH (0.15 mg/ml) at various temperatures. Dependences of the light scattering intensity (a, c and e) and of the Rh values (b, d and f) of
the ADH aggregates on time in the absence (a and b) or presence of the Arg-Phe dipeptide at a concentration of 1 mM (c and d) at 38 (1), 39 (2), 40 (3) and 42 (4) C, or in the
presence of the Asp-Phe dipeptide (e and f) at the concentrations of 0 (1), 0.5 (2), 0.75 (3) and 1 (4) mM at 37 C.
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appeared to be expressed exclusively at lower temperatures
(38–39 C), whereas at 40–42 C these effects could not be de-
tected (Fig. 2c and d) and instead, an inhibition of the aggregation
in the presence of the peptide was revealed at 42 C.
The observed effect at the initial stages of the aggregation pro-
cess is suggested to be mainly based on interaction via electrostatic
forces of the positively charged Arg of the peptide with the nega-
tively charged acid residues of the substrate (36 amino acids per
1 subunit of ADH). This correlates with the stoichiometry of inter-
action between the peptide and protein, the effects of the peptide
being fully expressed at the molar ratio of peptide:protein subunit
exceeding 40:1. However, the interaction of Arg with aromatic res-idues of the protein could not be excluded. The Arg-Phe dipeptide
retained its potency to induce aggregation of ADH when incubated
at 25–39 C in the 20 mM Tris–HCl buffer, pH 6.8, containing 0.1 M
NaCl. We have also registered the aggregation of ADH at 37 C in a
concentration-dependent manner in the presence of the negatively
charged Asp-Phe dipeptide (Fig. 2e and f).
3.2. Morphology of protein aggregates formed in the presence of the
amphiphilic peptides
For TEM visualization, the samples of ADH were withdrawn
from the incubation mixtures at the points in time, at which the
Rh values of the aggregates began to increase rapidly or reach high-
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of the aggregation process induced by the Arg-Phe dipeptide
revealed compact nanostructures of ADH in the form of irregular-
shaped spherical particles of 2–10 nm (Fig. 3a). Further incubation
of ADH resulted in formation of unbranched chains of 50–200 nm
in length consisting of asymmetric globules of 5–20 nm in diame-
ter (Fig. 3b).
The particles generated in the process of heat-induced aggrega-
tion of individual ADH at 42 C for 10 min appeared as amorphous
aggregates (Fig. 3c). Further incubation resulted in formation of
similar aggregates, however, packed at higher density (Fig. 3d).
Electron micrographs of samples of ADH subjected to either pep-
tide- or heat-induced aggregation demonstrate that along with
low-sized species, branched chains of particles loosely bound to-
gether into large coalescent clusters in the range of 500–2000 nm
are gradually formed (Supplementary Fig. 2S), suggesting that
structurally distinct protein conformations appear at the early
stages of the aggregation processes.
The most interesting result is the demonstration of structures
resembling pieces of necklace consisting of irregular-shaped beads
termed ‘‘baroque pearl chains’’ (Fig. 3b). These chains vary widely
in length, suggesting that during prolonged incubation the longer
chains may be formed by end-to-end association of initial short
aggregates. We have used AFM to investigate further the morpho-
logical features of the supramolecular structures produced by the
aggregation of ADH for about 90 min in the presence of the Arg-
Phe dipeptide. Our results show that the large-sized granular units
of ADH of 5–35 nm in width entrapped into the chains ofFig. 3. TEM of nanostructures generated in the processes of peptide- or heat-induced agg
particles of ADH formed in the process of incubation at 38 C in the presence of the A
formation (a) and after further incubation for 50 min (b). The structures generated in the
min. The electron micrographs were visualized at nominal magniﬁcations of 33000. Th
represent 150 nm.50–500 nm in length have a height of 5–35 nm, suggesting that
the irregular-shaped particles have a globular structure (Fig. 4).
We have previously detected formation of similar ‘‘baroque
pearl chains’’ structures in the processes of aggregation of a small
acidic globular protein, a-lactalbumin, induced by the positively
charged Arg-Phe dipeptide, and of a highly basic globular protein,
hen egg white lysozyme, in the presence of the negatively charged
Asp-Phe dipeptide [22]. In the present study, we have used TEM to
make a more close study of morphological features of the aggre-
gates of a-lactalbumin or lysozyme, respectively (Supplementary
Fig. 3Sa and b). The AFM images show that the chains of irregu-
lar-shaped particles of a-lactalbumin formed in the process of
the peptide-induced aggregation are similar to those of ADH
(Supplementary Fig. 4S).
3.3. Testing of changes in the secondary structure of alcohol
dehydrogenase upon its aggregation
In the process of peptide-induced aggregation of ADH incubated
in the presence of ThT no increase in the ThT ﬂuorescence intensity
was observed (data not shown), suggesting that at the initial stages
of the aggregation process the peptide does not induce formation
of cross b-sheet structures. CD spectroscopy in the far UV region
showed that during incubation of ADH in the presence of the
peptide substantial amount of secondary structure retained (Sup-
plementary Fig. 5S). These results correlate with our previous ﬁnd-
ings that the ADH aggregates can act as a source for the release of a
biologically active protein after removal of stress conditions [23].regation of ADH at a concentration of 0.5 mg/ml. The representative micrographs of
rg-Phe dipeptide at a concentration of 1 mM at the initial stage of the aggregate
process of heat-induced aggregation of individual ADH at 42 C for 10 (c) or 30 (d)
e images were collected by scanning of negative photographic ﬁlms. The scale bars
Fig. 4. The representative atomic force microscope image of structures generated in
the process of prolonged aggregation of ADH in the presence of the Arg-Phe
dipeptide. The ‘‘baroque pearl chains’’ are shown by the white arrows.
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The data presented here provide new insights into mechanisms
of formation of protein supramolecular structures. To our knowl-
edge, this is the ﬁrst report, in which a striking potential of short
amphiphilic peptides to induce aggregation of a model protein in
its native-like state is demonstrated. The ADH primary particles
were found to have a high propensity to aggregate transiently into
a variety of structurally distinct entities profoundly differing from
those generated in the heat-induced aggregation process in type,
size, and shape, at the early stages of the aggregation process,
when amyloid ﬁbril assemblies were not detectable.
Thus, we have demonstrated a novel example of effects induced
by relatively non-speciﬁc driving forces. Following electrostatic
binding with complementary sites of the protein molecules, the
aggregation of the initial peptide–protein complexes is likely to
proceed via interaction of the aromatic amino acid of the peptide
with hydrophobic residues of a protein molecule, which may be
exposed at the surface of the native-like protein under local desta-
bilizing conditions (Supplementary Fig. 6S). The peptide may play a
role of connecting link between the initially formed peptide–pro-
tein complexes. However, the heat-induced conformational
changes in the protein structure prevent its electrostatic interac-
tion with the peptide. In this case, the interactions at the initial
stages of the aggregation process are suggested to develop mainly
via hydrophobic forces, causing the peptide to exert an inhibitory
effect on the aggregation at higher temperatures.
As the short amphiphilic peptides under study are inherent con-
stituents of biological systems, they can potentially alter the aggre-
gation behavior of proteins in vivo. These investigations should be
valuable in identifying low molecular weight amphiphilic agents,
which may trigger transformations of aggregation-prone proteins
into structures of higher order for fabrication of novel biomaterials
resembling natural protein assemblies.
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